The common design approach of compaction grouting for ground improvement works is oversimplified and does not account for the effects of soil properties and grouting variables. The obtained improvements therefore appear inconsistent with the predicted ones. This paper presents the results of a field test conducted at Tokyo International Airport to evaluate the effectiveness of compaction grouting under well-controlled conditions. The test consisted of 87 compaction grout piles injected in three cases of different pile diameters and spacings. The paper also discusses the effects of soil properties, replacement ratio, and injection sequence on the effectiveness that is evaluated in terms of the standard penetration test N-value and cone penetration test tip resistance, and the variation of effectiveness with depth. A new design procedure that accounts for the effects of initial soil properties is introduced. It has been found that the injection sequence has a significant effect on the grouting mechanisms and effectiveness; this effect is discussed for both high and low compressibility soils. Significant observations are also made on relatively shallow treatments, the associated ground surface heave, and the corresponding improvement.
Introduction
The common design approach of compaction grouting as a groundimprovement technique assumes that the volume of injected grout directly reduces the volume of soil voids. Therefore, an index representing the volume of soil voids that is replaced by grout and defined as the replacement ratio (ratio of the volume of grout to the volume of treated soil) is used as a design criterion. The improvement of soil because of compaction grouting is usually evaluated by comparing the pretreatment and posttreatment penetration resistances of the standard penetration test (SPT) or cone penetration test (CPT). For a given target improvement, the design replacement ratio (a SD ) is estimated on the basis of correlations between the relative density of soil and the penetration resistance. On the basis of this approach, the obtained improvements appear inconsistent with the predicted ones (e.g., Baker and Schmertmann 1983; Boulanger and Hayden 1995; Miller and Roycroft 2004) . This inconsistency is essentially attributed to the oversimplified design approach that does not account for the effects of the soil properties and the grouting variables, such as the injection rate, injection sequence, and grouting procedure. Little effort, however, has been made to investigate such effects.
Compaction grouting is usually considered ineffective in the treatment of relatively shallow soils (e.g., Graf 1969; Brown and Warner 1973; Ivanetich et al. 2000) . However, for some problems, compaction grouting provides very appropriate solutions that may necessitate extending the grouting zone to a few meters from the ground surface (e.g., Donovan 1984; Ivanetich et al. 2000; El-Kelesh et al. 2002) . Effective planning of these shallow treatments requires a better understanding of the improvement versus depth and effectiveness controlling factors.
Because of the minimal guidelines available for predicting the effectiveness of a given treatment, it has often been a practice, especially for the large-scale jobs, to perform test grouting before production grouting, to confirm the effectiveness of the treatment and to determine appropriate design parameters for the given site conditions (e.g., Donovan 1984; Miller and Roycroft 2004) . In test grouting, the improvements obtained for different designs or grouting procedures are compared with the target ones, and the design or procedure that results in a satisfactory comparison is considered for the production grouting. This approach has resulted in a sitespecific design.
The literature of compaction grouting includes many and significant case histories that have provided the practice with useful observations and guidelines (e.g., Brown and Warner 1973; Salley et al. 1987) . However, the reported data of these case histories cannot be used to rigorously analyze the effectiveness of treatment or evaluate the effects of individual soil properties and grouting variables owing to the following: (1) the soil parameters and grouting variables that are involved in the process are many and thus render an analysis complicated; (2) the range of reported data is wide; and (3) details that are necessary for analysis are not sufficiently reported.
The increasing number and scale of compaction grouting applications have resulted in a great demand for a better understanding of the effectiveness of treatment and for the establishment of new guidelines that engineers can use to evaluate the potential effectiveness for different soil and grouting conditions. This paper presents the results of a field test conducted at Tokyo International Airport to evaluate the effectiveness of treatment by compaction grout piles 1 Assistant Professor, Dept. of Construction Engineering and Utilities, Zagazig Univ., Zagazig, Egypt (corresponding author). E-mail: adkelesh@yahoo.com under well-controlled grouting conditions. The results are discussed to evaluate the effects of initial soil properties, the injection depth, the replacement ratio, and the injection sequence on the effectiveness for deep and relatively shallow injections. On the basis of the presented results and discussions, a new design method is established.
Test Procedure
The field test described in this paper was conducted at Tokyo International Airport at the location shown in Fig. 1 . The test consisted of 87 compaction grout piles injected in three cases of different pile diameters and spacings, as shown in Fig. 2 . The three cases are characterized in Table 1 . The piles were laid out on a triangular pattern of equidistant spacing. For Cases 1, 2, and 3, diameters of 0.56, 0.70, and 0.70 m and spacings of 1.70, 1.70, and 1.50 m were considered to result in a SD of 10, 15, and 20%, respectively. Each pile consisted of 27 grout bulbs that were successively injected by staging upward from 11.80 to 3.13 m in depth with a depth interval of 0.33 m.
The grout used was a mixture of fines containing aggregate, cement, and water. The gradation of aggregate is shown in Fig. 3 . The grout had a slump of 2.0-4.0 cm, and was pumped at an average rate of 0:03 m 3 = min. The grout was mixed on-site using auger mixers and pumped by positive displacement piston-type pumps. Flow-pressure recording units were connected to the delivery lines to monitor the injected grout volumes and attained injection pressures. The bulb injection was terminated on reaching a limiting criterion that was the design grout volume (see Table 1 ) or an injection pressure of 8.0 MPa, whichever was attained first. Heave of the ground surface was not included in the limiting criteria.
The piles of Case 2 were injected first, then those of Cases 1 and 3; the schedule of injection for the three cases is shown in Fig. 2 and Table 1 . The pile injection sequence for Case 2 was different from that for Cases 1 and 3, as indicated by the numbers of piles and dotted arrows in Fig. 2 . The piles of Case 2 were injected in seven lines: L2-1 through L2-7. Lines L2-1 and L2-2 were injected first at the boundary of treatment zone, then L2-3 through L2-7 were injected between L2-1 and L2-2; the piles of a given line were injected in two stages: primary followed by in-between secondary piles. This sequence of line injection was considered so that the initially injected lines (L2-1 and L2-2) provide laterally confining action for the subsequently injected ones (L2-3 through L2-7). For Cases 1 and 3, the piles were injected in lines while going outward from the zone of Case 2 to the left and right, respectively; the piles of a given line were injected in one direction (see the numbers of piles in Fig. 2) . Therefore, the treatment by Case 2 is considered as partially confined, whereas those by Cases 1 and 3 are considered as unconfined.
To evaluate the soil improvement, pretreatment and posttreatment SPTs (B-1 to B-6) and CPTs (C-1 to C-4) were performed at the locations shown in Fig. 2 . The posttreatment tests were performed at the pile grid centers to evaluate the minimum improvements. The SPT and CPT were performed throughout the entire depth of treatment; however, because of site conditions, C-4 could not be performed at some depth intervals below 6.05 m. The ground surface elevations were measured daily after injection at the points shown in Fig. 2 along the A-A and B-B lines.
Ground Conditions
The island of Tokyo International Airport is located at the left shore of the Tama River mouth, as shown in Fig. 1 . It is a reclaimed island and has a complicated history of dredging and reclamation. The uppermost layer is reclaimed soil (B s ). It was reclaimed in 1985-1992 using construction by-products. This layer is underlain by alluvial layers of fine sands (A s1 ) and sandy silts (A c2 ), followed by Pleistocene clay and sand layers. In 1966-1970, some parts of A s1 were dredged to be used as construction materials. The dredged locations were reclaimed in 1971-1981 by soft soils dredged from fairways in Tokyo Bay. These soils consist of layers of fine sands (A s0 ) and/or clayey silts (A c1 ).
A description of the general strata of soils treated by compaction grouting, as determined by the recovered SPT soil samples, is as follows:
1 Ground Surface Displacement Also shown are the positions of L2-1 to L2-7 and the numbers of the piles after which the displacements were measured. Heave of the ground surface was observed during injections shallower than approximately 4.80 m for Case 2 piles. These measurements show that the first pile (P2-1) did not induce any heave; however, all the subsequent piles were heave-inducing. The heave because of L2-1 piles (P2-2 to P2-6) was at the maximum above L2-1 and decreased gradually with distance from L2-1 [see Fig. 4(a) ]. This, along with the shown displaced area of ground surface, indicates that heave occurred as a result of conical shearing failure of the soils overlying the bulb being injected. This is in agreement with the observations of others (Graf 1969; Donovan 1984; El-Kelesh et al. 2002) and the model developed by El-Kelesh et al. (2001) . The injection of L2-2 piles resulted in a transition of heave in the direction from L2-1 to L2-2. The piles of L2-3 resulted in large increases in heave, especially at the area between L2-1 and L2-2. For all the lines subsequent to L2-3, the maximum increase in heave was above the line being injected, with larger increases in the direction of injection from L2-2 to L2-7. Fig. 5 shows the vertical displacements measured during treatments by Cases 1 and 3 and reveals that the heave because of Case 1 is smaller than that because of Case 3. For both cases, heave was larger in the direction of injection (to the left and right for Cases 1 and 3, respectively). Table 2 summarizes the maximum heave at the end of treatment for each of the three cases. For Case 1, the first six piles did not result in any appreciable heave. However, the subsequent piles were alternately heave-inducing and noninducing. The maximum heave per working day did not exceed 2.0 mm. For Case 3, only three piles (P3-1, P3-4, and P3-5) were not heave-inducing, whereas all the other piles were inducing. The piles of Cases 1 and 3 were injected under almost the same conditions; the only difference was in a SD . Therefore, the larger the replacement ratio, the larger the heave will be. However, in contrast to this observation, Figs. 4 and 5 and Table 2 reveal that the heave because of Case 2 (15% in a SD ) was larger than the heave because of Case 3 (20% in a SD ). This is most likely attributed to the confining action provided by the pile injection sequence of Case 2. Finer by Weight (%) Fig. 3 . Gradation of grout aggregate 
Effectiveness of Deep Treatment

SPT Results
The SPT test is the most widely used test to evaluate the soil improvement because of compaction grouting. Fig. 6 shows a comparison between the pretreatment and posttreatment N-values of SPT for the three cases; also shown are the depth intervals of the grout bulbs and the general strata of soil profile. This comparison indicates that the three cases could significantly improve the treated soils. However, it also indicates that the improvement in terms of the increase in N-value (ΔN) is not uniform throughout the depth of treatment. Moreover, ΔN is not consistent with a SD . For example, at the depth intervals 3.30-4.70 and 6.50-7.80 m, ΔN because of Case 1 (a SD ¼ 10%) is larger than that because of Case 2 (a SD ¼ 15%). Also, at deeper than approximately 8.80 m, ΔN because of Case 2 (a SD ¼ 15%) is larger than that because of Case 3 (a SD ¼ 20%). These results may be understood by considering the actual injected grout volumes, the variation of soil properties throughout the treatment zones, the variation of grouting mechanisms with depth, and the difference in the injection sequences. The improvement results for the soils deeper than 4.80 m will be discussed in the remaining part of this section, and then those for the shallower soils in the next section; heave was observed during injections shallower than 4.80 m for Case 2.
Effectiveness Index
For compaction grout piles, it is not always necessary that the grout volume or pile diameter be uniform throughout the depth of treatment; in some cases, a target improvement may require varying the grout volume with depth to account for a variable soil condition; in others, grout volumes less than the design ones are injected for given limiting criteria. Therefore, an evaluation of the treatment effectiveness should consider not only the soil improvement (ΔN), but also the volume of grout actually injected. Fig. 7 shows the variation with depth of the attained replacement ratio (a SA ) for the three cases. It reveals that a SA was less than a SD at approximately 3.13-9.00 m deep; i.e., injections at this depth interval were limited by injection pressures of 8.00 MPa.
To evaluate the effectiveness of treatment, an index called the effectiveness index (EI N ) and defined as ΔN=a SA is presented in this section. It represents the gained improvement per each unit volume of injected grout. Fig. 8 shows EI N versus depth for the three cases; on the basis of the SPT results in Fig. 6 , ΔN was interpolated at the depths of grout bulbs. Because of the differences in injection sequences, the effectiveness will be discussed first for Cases 1 and 3 and then for Case 2. A comparison between the results of Cases 1 and 3 in terms of ΔN (Fig. 6 ), a SA (Fig. 7) , and EI N (Fig. 8) indicates that the profiles of EI N are almost identical, though ΔN and a SA are significantly different; ΔN and a SA are larger for Case 3. This implies that at any depth, EI N is practically constant, and as a consequence ΔN increases linearly with a SA . This is in accordance with the observations of others on the treatment of sand and silt soils (Mejia and Boulanger 1995; Boulanger and Hayden 1995) and silty sand soils (Salley et al. 1987 ).
Effect of Soil Properties
The very similar variations of EI N with depth for Cases 1 and 3 are explained by the variation with depth of the initial soil properties. The variation of EI N is generally consistent with that of the pretreatment N-value (Fig. 6 , deeper than 4.80 m). Fig. 9 shows correlations between EI N and initial soil properties. The pretreatment fines content (F c ) and mean particle size (D 50 ) are considered as representatives of the soil intrinsic parameters, and the pretreatment N-value (N) is considered as a representative of the soil state. The represented data points are those for the bulbs of Cases 1 and 3, which are deeper than 4.80 m. Despite the wide range of the soil properties, the correlations appear reasonable and indicate that EI N is significantly influenced by F c , D 50 , and N. The correlation in Fig. 9 (a) reveals that EI N decreases sharply with the increase of F c until reaching F c of approximately 20-30% and then it decreases slightly with further increase of F c . This correlation may be represented by the following expression:
The correlation in Fig. 9 (b) indicates that EI N increases exponentially with D 50 , i.e., the larger the particle size, the more effective the treatment, and may be represented by
The correlation in Fig. 9 (c) indicates that EI N increases exponentially with N and may be represented by
Mejia and Boulanger (1995) reported a case history on the use of compaction grouting to minimize the liquefaction potential of a sand layer between 14.50 and 23.00 m deep, and the bottom 3.00 m of an overlying silt layer. The sand and silt layers have an F c of approximately 5-15 and 46-99%, respectively. The improvement results indicated for the sand layer that a SA of 9 and 17% increased the CPT tip resistance (q c ) from 5.00 to 7.20 and 9.20 MPa, respectively. For the silt layer, a SA of 15 and 27% increased q c from 0.80 to 3.20 and 4.80 MPa, respectively. These results reveal, as reported by Mejia and Boulanger (1995) , that the improvements of the sand and silt layers increased linearly with a SA . This is in accordance with the previous observation on the constancy of EI N at a given depth (Fig. 8) . They also reveal that the soil of initially lower F c and larger q c experienced larger improvement for a given a SA . Boulanger and Hayden (1995) summarized the improvement results of several case histories, including the case reported by Mejia and Boulanger (1995) and another case reported by Mejia and Boulanger (1995) . The trend of improvement with a SA for the silty sand soil was intermediate to those for the sand and silt soils. Therefore, Boulanger and Hayden (1995) reported that the more compressible the soil, the lower the rate of improvement with a SA . Similar observations were also reported by Ivanetich et al. (2000) and Miller and Roycroft (2004) . These observations on the effect of soil type and compressibility on the improvement rate with a SA are consistent with the correlations presented previously [ Fig. 9 and Eqs. (1)- (3)], on the following basis: (1) EI N represents the rate of improvement with a SA , and (2) F c and N are essentially representative of the soil compressibility. Fig. 8 shows that the effectiveness of Case 2 is different from that of Cases 1 and 3. Case 2 is more effective for the soils below 8.50 m in depth, whereas it is less effective for the soils above this depth. These results may be explained by (1) the differences in the injection sequence and confining action between Case 2 and the other two cases, and (2) the variation of soil properties with depth. The pretreatment soil investigation indicated that the soils below 8.50 m range from silty sand to silt with F c of 38-84% and the soils above (4.80-8.50 m deep) range from sand to silty sand with F c of 7-31%. This implies that the soils below 8.50 m are significantly more compressible than those above. Fig. 6 shows for the unconfined treatments below 8.50 m (a SA ¼ a SD ) that increasing a SA from 10% (Case 1) to 20% (Case 3) did not result in large increases in improvement; this is not unexpected because it is known that the more compressible the soil, the smaller the improvement for a given a SA . However, a confined treatment with a SA of 15% (Case 2) could improve these soils more than an unconfined treatment with a SA of 20% (Case 3). This observation is in accordance with the intuitive expectation that confined treatment would be more effective and provides a useful guideline for increasing the effectiveness, especially for the highly compressible soils. In other words, by controlling the injection sequence, larger improvements can be obtained without any delay or additional cost; or alternatively, a target improvement may be obtained with a smaller replacement ratio.
Effect of Injection Sequence and Soil Compressibility
For the soils above 8.50 m that are less compressible than the soils below, the effectiveness of the confined treatment by Case 2 is unexpectedly less than that of the unconfined treatments by Cases 1 and 3 (Fig. 8) . This may be understood by examining the pretreament and posttreatment intrinsic parameters of the treated soils. Figs. 10 and 11 show comparisons between the pretreatment and posttreatment D 50 and F c , respectively, for the soils treated by the three cases; the spacing between the pretreatment and posttreatment SPT borings was 1.77, 1.70, and 1.56 m for Cases 1, 2, and 3, respectively, as shown in Fig. 2 , and the soil samples of every SPT test were recovered at depth intervals of 1.00 m. It is seen at 5.50-8.50 m deep in which Case 2 is less effective than Cases 1 and 3 (Fig. 8 ) that there are significant decreases in D 50 and increases in F c because of Case 2; no significant changes are shown because of Cases 1 and 3. Fig. 12 shows a comparison between the gradation curves of the pretreament and posttreatment SPT samples recovered from the soils treated by the three cases at 6.30 m deep. All curves are almost identical; the only exception is the curve representing the posttreatment soil that was treated by Case 2. This soil is finer than the pretreatment soil. This along with the comparisons in Figs. 10 and 11 implies that Case 2 induced significant crushing of the soil particles at 5.50-8.50 m deep. Fig. 10 (b) suggests that the particle size (characterized by D 50 ) has an effect on the amount of crushing, as may be represented by the decrease in D 50 . The soil of initially larger D 50 experienced a larger decrease in D 50 . This observation is consistent with the reported results and analyses that explain that the potential for and amount of crushing increase with increasing the particle size (e.g., Lee and Farhoomand 1967; Hardin 1985) . This has been attributed to the larger contact forces and increased likelihood of flaws for the larger particles (e.g., Billam 1971; Marsal 1967) . Fundamentally, there are two deformation mechanisms in granular soils: (1) relative displacement between particles as a result of sliding and/or rolling; and (2) crushing of soil particles. The two mechanisms are seldom independent of each other. The previous results and observations suggest that the soil deformations because of the confined treatment by Case 2 at 5.50-8.50 m deep, in which the soils are less compressible in terms of F c and more prone to crushing in terms of D 50 than the soils below, were dominated by particle crushing. This crushing was most likely the main reason for the less effective treatment by Case 2. At 6.30-7.30 m deep, in which Case 2 was highly less effective (Fig. 8) , crushing was the largest [Figs. 10(b) and 11(b)]. Therefore, when treating relatively less compressible soils, it is recommended to plan the grouting works so that the condition beyond which particle crushing becomes significant or dominates the deformation mechanisms is avoided to prevent any loss of the gained improvement. An assessment of this condition needs further research efforts.
Effectiveness of Shallow Treatment
CPT Results
Surface heave was observed during injections into the soils shallower than 4.80 m. For these soils, the improvement in the CPT tip resistance is discussed in this section. The major advantage of CPT over SPT is that it provides a complete profile for the penetrated soils and is therefore considered useful for the short depth interval of the soils treated above 4.80 m. The locations of the CPT tests are shown in Fig. 2 . To practically assess the improvement, the pretreatment and posttreatment tip resistances (q c ) are averaged for the depth intervals of grout bulbs and plotted as shown in Fig. 13 . Also shown are the depth intervals of the six bulbs shallower than 4.80 m (BB-22 to BB-27). The results for BB-25 to BB-27 will be discussed first, then those for BB-22 to BB-24.
BB-25 to BB-27
Fig. 13 reveals significant improvements in the increase in tip resistance (Δq c ) by all cases. However, Δq c is not consistent with a SD . In addition, Δq c and the posttreatment q c increase with depth. To understand these results, it is necessary to understand, for the heave-inducing injections, the evolution of improvement with injection and the improvement versus depth.
El-Kelesh et al. (2000) performed a field test to investigate the variation of injection pressure as indicative of the corresponding soil improvement with injection for large grout bulbs, which were approximately 1:80 m 3 in volume each, at relatively shallow depths. They reported that heave-inducing injections are characterized by three consecutive stages: (1) preheaving stage in which injection is continuously improving until the onset of heave, (2) heaving stage in which injection is contributing to heave but not to improvement, and (3) improving-heaving stage in which injection is heave-inducing and also improving; the increase of improvement with injection in the improving-heaving stage is less than that in the preheaving stage. The evolution of average improvement because of multibulb injection at a given depth may be assumed as analogous to that because of an equivalent large singular bulb. However, it is believed that the heaving stage will be less pronounced in the case of multibulb injection. An explanation is that the smaller the bulb, the smaller the attained injection pressure, and therefore the lower the potential for heaving. In addition, if the injection of a given bulb is terminated during heaving, it is not necessarily true that the beginning of injection of the next bulb will be heave-inducing but most likely it will not. Figs. 4 and 5 show that once heave occurs, the subsequent injections are alternately heave-inducing and noninducing, such as for Case 1, or continuously heave-inducing, such as for Case 2; both cases resulted in significant improvements. In other words, none of these injections can be characterized as distinctly heave-inducing without improving. Therefore, it may be reasonable to hypothesize for the heaveinducing multibulb injection at a given depth that the evolution of average improvement is characterized by two stages, as represented in Fig. 14: a preheaving stage (PH) followed by, an improvingheaving stage (IH). This representation (Fig. 14) is relative for the three cases and may be explained by the following guidelines:
• For Case 1, heave occurred after injecting six piles, whereas it was just after the first pile for Cases 2 and 3 (Figs. 4 and 5) . Therefore, PH for Case 1 extends to a larger replacement ratio (a SAÀPH ) than that for Cases 2 and 3.
• The slope of the line representing IH (S IH ) is essentially less than that representing PH and depends on the relative contribution of injection to improvement and heave; the larger the contribution to heave, the smaller the slope. Fig. 5 reveals that Case 3 was contributing to heave more than Case 1. For instance, the heave because of a single pile of Case 3, such as P3-6 or P3-9, was larger than the heave because of two piles, such as P1-11 and P1-12 or P1-21 and P1-22, or even four piles, such as P1-13 to P1-16 or P1-19 to P1-22 of Case 1. Figs. 5 and 7 and Table 2 also imply that the maximum heave normalized to a SA is much larger for Case 3. Therefore, S IH for Case 3 should be smaller than that for Case 1. Because Case 2 was contributing to heave more than Case 3, as discussed previously, S IH for Case 2 is represented smaller than that for Case 3.
• The final improvements, as represented by the circles, are on the basis of a SA and q c shown in Figs. 7 and 13, respectively. At the depth of BB-27, the posttreatment q c of Case 1 is less than expected, and a representation of the corresponding improvement cannot be explained on the basis of the available measurements. Fig. 15 shows the effectiveness index in terms of the CPT penetration resistance (EI q ¼ Δq c =a SA ) versus depth for the three cases. This index is essentially indicative of the grout volume contributing to improvement; the larger the index, the more effective the treatment. The results in Fig. 15 are consistent with the relative representation in Fig. 14 and show, for a given a SA , that improvement was the largest for Case 1, the smallest for Case 2, and intermediate for Case 3. This gives an insight into the effect of pile diameter and implies, for a given replacement ratio and on the basis of the results of Cases 1 and 3, which were injected under similar conditions, that using smaller diameter piles results in larger improvement. This may be explained by the heave measurements reported by El-Kelesh et al. (2002) for piles of different diameters, which indicated that the contribution to heave decreased with decreasing the pile diameter.
Fig. 14 suggests that the improvement for a given a SA depends on a SA-PH and S IH . Understanding the variation of a SA-PH and S IH with depth may therefore explain the corresponding variation of improvement. The injection process continues until reaching an injection pressure and a grout volume large enough to result in a vertical upward force capable of displacing the overlying soils in the form of conical shearing failure and thus inducing heave (Graf 1969; Brown and Warner 1973; El-Kelesh et al. 2001 ). This force is governed by the weight of the cone of soil above the grout bulb plus the shearing resistance along the cone surface (Graf 1969; El-Kelesh et al. 2001) . Thus, if injection is terminated just before the onset of heave, a SAÀPH should increase with depth. It was reported for uniform diameter piles that the shallower the injection, the larger the contribution to heave (El-Kelesh et al. 2002) ; therefore the smaller the slope S IH will be. This implies that both a SA-PH and S IH and the corresponding improvements increase with depth, and explains the increasing posttreatment q c and EI q with depth as shown in Figs. 13 and 15, respectively. Francescon and Twine (1992) reported, for compaction grout injected by staging upward, that (1) once heave of the ground surface had occurred during injection of a given bulb, heave was typically the criterion that limited the injection of all the subsequent bulbs, and (2) the maximum injection pressure decreased with decreasing bulb depth.
The aforementioned suggests that the effectiveness increases with decreasing the contribution of treatment to heave. The effectiveness increases with decreasing the replacement ratio or pile diameter and increasing the injection depth. In addition, confined treatment for the testing conditions considered in this paper is more heave-inducing than unconfined treatment, and is therefore less effective.
BB-22 to BB-24
The results of the upper bulbs (BB-25 to BB-27) are different from those of the lower ones (BB-22 to BB-24). The main differences may be summarized as follows (see Figs. 7, 13, and 15 ):
• Though a SA was almost equal to a SD for the upper bulbs, it was significantly less than a SD for the lower ones; • Unlike Δq c , the posttreatment q c , and EI q for the upper bulbs, those for the lower bulbs did not increase with depth; and • For the lower bulbs, Case 1 was much more effective than Cases 2 and 3. These differences are most likely attributable to the variation of grouting mechanisms with depth, which may be explained according to the previous discussion as follows:
• For compaction grout piles of a given replacement ratio or diameter, there is a depth (henceforth referred to as the "critical depth") that characterizes the shallower injections as heaveinducing and the deeper ones as noninducing; 4.80 m may be considered as the critical depth for Case 2; • The contribution of heave-inducing injections to heave decreases with depth; and • The improvement by the upper bulbs (BB-25 to BB-27) is controlled primarily by the restraining action of the overlying soils. However, the improvement by the bulbs deeper than the critical depth (4.80 m for Case 2) is controlled by the soil properties at the depth of treatment. This suggests that there should be a transition zone around or immediately above (this can be practically defined as above) the critical depth through which the improvement is controlled not only by the restraining action of the overlying soils, but also by the soil properties at the depth of treatment. To understand the improvement results for the lower bulbs, it is therefore imperative to (1) identify the transition zone for every case (unfortunately, the heave-inducing bulbs were not identified for Cases 1 and 3); and (2) understand, for the soils in the transition zone, the effects of the overburden stress, the shear strength parameters of the overlying soils, and the soil properties at the depth of treatment on the corresponding improvement. These issues cannot be determined on the basis of the available measurements and need further investigation. The following however can be discussed:
• For the lower bulbs of Case 2 that were heave-inducing, a SA was significantly less than a SD , and the posttreatment q c did not increase with depth. This suggests that the depth interval of the lower bulbs represents the transition zone of Case 2.
• The shallow zone, and consequently the transition zone, of Case 1 should be shallower than that of Case 2. This is explained by the smaller pile diameter and replacement ratio of Case 1; El-Kelesh et al. (2002) observed that the smaller the pile diameter, the shallower the critical depth. The much smaller heave values because of Case 1 than those because of Case 2 (Figs. 4 and 5) are essentially attributed not only to the difference in confinement provided by the injection sequence but also to the smaller pile diameter and presumably the shallower critical depth of Case 1.
• The previous discussion indicates, for the non-heave-inducing injections, that the more compressible the soil, the less effective the treatment. For the lower bulbs of Case 1, EI q is consistent with the corresponding soil compressibility, which may be represented in terms of the pretreatment q c (see Figs. 13 and 15) ; the larger the q c value, the more effective the treatment. This, along with the consideration that the transition zone of Case 1 is shallower than that of Case 2, suggests that the lower three bulbs of Case 1 were most likely not in the shallow zone but in the deep zone of Case 1. Therefore, it may be reasonable to say that the lower three bulbs of Case 1 did not contribute to heave but almost totally to improvement; this is why Case 1 was considerably more effective than Cases 2 and 3.
Design Method
The correlations presented in Fig. 9 and Eqs. (1)- (3) show how the initial soil properties in terms of F c , D 50 , and N influence the effectiveness of treatment. They also provide new guidelines for estimating the soil improvement for each unit volume of injected grout with accounting for the effects of initial soil properties, and they can therefore be used for the design of compaction grout piles as follows 1. This design procedure may be followed to get target improvements or a practically uniform improvement throughout the treatment zone. For unconfined treatments, an injection rate of 0:03 m 3 = min, a limiting injection pressure of 8.00 MPa, a grout slump of 2.0-4.0 cm, and non-heave-inducing injections, the values of α 1 , β 1 , α 2 , β 2 , α 3 , and β 3 can be measured as 52.00, 1.20, 0.20, 12.70, 0.21, and 0.102, respectively, according to Eqs. (1)-(3). Further investigation is needed to evaluate the values of α i and β i , where i ¼ 1, 2, and/or 3, for different grouting conditions. Until these values are evaluated, the preceding values should be used prudently when applied to treatments of different grouting conditions, or alternatively, they should be reasonably corrected.
Conclusions
The results of a field test conducted at Tokyo International Airport to evaluate the effectiveness of compaction grouting are presented and discussed in this paper. On the basis of these results and discussions, the following conclusions can be made • For compaction grout piles of a given replacement ratio or diameter, there is a depth that characterizes the shallower injections as heave-inducing and the deeper ones as noninducing. This depth is defined as the critical depth.
• The sequence of pile injection has a significant effect on the grouting mechanisms and effectiveness. It may be controlled so that the previously injected piles provide laterally confining action for the subsequently injected ones.
• For the deep injections (deeper than the critical depth), the effectiveness of treatment is highly influenced by the initial soil properties at the depth of treatment. It increases with decreasing F c , increasing D 50 , and increasing N. Correlations between the effectiveness in terms of EI N ¼ ΔN=a SA and F c , D 50 , and N were established for the case of unconfined treatment.
• For the deep injections into soils of high compressibility (F c of more than 30-40%), confined treatment is more effective than unconfined treatment. For the soils of low compressibility (F c of less than 30-40%), confined treatment can induce significant crushing of the soil particles. It is recommended that the condition beyond which particle crushing dominates the deformation mechanisms be avoided so that none of the gained improvement is lost.
• For the shallow injections (shallower than the critical depth), the treatment contributes to both improvement and heave. For a given replacement ratio or pile diameter, the improvement and effectiveness increase with depth. At a given depth, the smaller the replacement ratio or pile diameter, the smaller the heave and the more effective the treatment will be. Confined treatment is more heave-inducing than unconfined treatment and is therefore less effective in the shallow zone. At the bottom of the shallow zone, the effectiveness is controlled not only by the restraining action of the overlying soils, but also by the soil properties at the depth of treatment.
• A generalized design procedure was introduced, on the basis of the established correlations, for the deep injections. Further work is needed to develop a design procedure for the shallow injections on the basis of the findings presented in this paper.
